Introduction
Mixed ionic and electronic conductors (MIECs) have been studied intensively due to their unique capability to conduct both electronic charge carriers (electrons, holes) and various ions (O 2À , Li + , Ag + , etc.) in various applications such as batteries, fuel cells, sensors and separation membranes.
1
MIECs conducting oxide ions have been considered as important cathode candidates for solid oxide fuel cells (SOFCs) because their mixed oxide ionic and electronic conduction is expected to extend the electrode reaction zone from the electrolyte/electrode interfaces potentially to the entire electrode surface. Signicant reduction in polarization losses with the MIEC cathode has been reported extensively. 2, 3 Recently, in order to improve the durability of SOFCs when operating on practical fuels such as natural gas, coal-derived syngas, and biomass gas, numerous MIECs have been investigated as anodes due to their lower affinity to sulfur and higher coking resistance. 4, 5 Among the well-studied ceramic anode candidates, SrTiO 3 -based materials represent an important family.
Donor-doped SrTiO 3 materials have shown impressively high n-type electronic conductivity under anodic conditions. For those doped on the A-site, La 15 Due to the increase in oxygen vacancies and exible oxygen coordination of Ga 3+ , the materials with optimized composition have shown higher conductivity aer being reduced under similar conditions. These experimental observations have also been supported by our recent computational calculations.
16,17
In order to test the hypothesis that the acceptor-doping is a general approach to improve the electrical property of donordoped SrTiO 3 . The chemicals were weighed according to the stoichiometry and mixed in a mortar with ethanol as medium. Aer being dried, the mixed powder was calcined at 900 C for 6 h in air. The powder was then ground, pressed into pellets and calcined at 1250 C in air for 20 h. This calcination step was repeated another time to improve phase purity. The obtained powder was nally pressed into bars (about 35 Â 5 Â 1 mm 3 aer sintering) and pellets and sintered for 10 h in air or 5% H 2 (balanced with N 2 ) at 1400 or 1500 C. Poly-vinyl-butyral (PVB, 1.5 wt%) was used as a binder.
The Po 2 of the 5% H 2 /N 2 used in this work was monitored using an oxygen sensor at 800 C and the value was about 10 À22 bar.
All the sintered samples exhibited high relative density (above 95%) except for the Sr 0.99 Ti 0.8 Nb 0.2 O 3 bar sample sintered in 5% H 2 /N 2 at 1400 C, which has a relative density of about 85%. A muffle furnace (MTI KSL1700X) was used for high temperature treatment in air and a tubular furnace (MTI GSL1700S) was used for high temperature reduction in this work.
Characterization
The phase purity of the samples was examined by X-ray diffraction (XRD) at 20
X-ray diffractometer equipped with a graphite monochromator and Cu Ka radiation. The lattice parameters were calculated using Jade soware. The density of the sintered samples was tested by the Archimedes method. The morphology of the samples was characterized using a scanning electron microscope (SEM, FEI Quanta and XL 30) and elemental analysis of the samples was carried out using a SEM equipped with an energy dispersive X-ray spectrometer (EDX).
Electrical and electrochemical evaluation
The conductivity of the samples in air was tested on pellets with diameters around 11 mm and thickness about 1 mm aer sintering. Pt paste (Heraeus CL11-5100) was used as the current collector and red at 1000 C for 0.5 h prior to the conductivity test. Rectangular bar samples were used for reducibility and conductivity measurements by a standard dc four-probe method. Silver conducting paste was used to assemble the silver lead wires on bar samples. The resistance of the samples was recorded using a multimeter (Keithley model 2001 7-1/2 DDM). For reducibility measurements, the bar samples were sintered in air at 1400 C and equilibrated at 800 C in N 2 (80 ml min À1 , Po 2 $ 10 À5 bar at 800 C) for 20 h. Then, the gas was switched to H 2 (80 ml min À1 , Po 2 $ 10 À26 bar at 800 C) and resistance variation with time was recorded. The polarization resistance was tested on symmetric cells supported by a YSZ (8YSZ, Tosh) electrolyte. YSZ pellets were sintered at 1550 C (diameter about 11 mm, thickness about 1 mm). Electrode slurry was made by mixing the sample powder with a binder (Heraeus V006) at a weight ratio of 1 : 1.5. Symmetric cells were fabricated by painting the electrode slurry on both sides of YSZ pellets and red at 1300 C in 5% H 2 /N 2 . Pt paste was used as the current collector and red at 1000 C for 0.5 h in 5% H 2 /N 2 . The impedance spectra of the symmetric cells were recorded in H 2 (3 vol% H 2 O) using an electrochemistry workstation (IM6-Zahner).
3 Results and discussion
Phase development
A nonstoichiometric effect study in Y-doped SrTiO 3 has shown a dramatic, negative inuence of excess Sr content on the conductivity. 19 In this work, slight Sr-deciency was adopted in Sr 0.99 Ti 0.8 Nb 0.2 O 3 to prevent the number of A-site cations from being larger than that of the B-site cations (i.e., Sr/(Ti + Nb) > 1). XRD patterns of the powders synthesized at 1250 C in air are shown in Fig. 1 Sr . Consequently, less impurity peaks are shown for these two samples in Fig. 1 .
As oxygen partial pressure decreases, the extra charge from the donor dopant starts to be compensated electronically by reduction of Ti 4+ to Ti 3+ (Ti 0 Ti ). The Sr-rich secondary phases will combine with the Sr vacancies formed under oxidizing conditions and nally the stoichiometric compositions will form. As shown in Fig. 2 , a cubic perovskite phase was obtained aer sintering the samples at 1400 C in 5% H 2 /N 2 . The XRD patterns obtained from the samples sintered in air are also shown in Fig. 2 20 Constraint thermodynamic calculations have shown that the stoichiometric phase is thermodynamically stable at high temperatures even in oxidizing atmospheres due to the release of the lattice oxygen. 16 Therefore, the phase purity may be improved during sintering. When the sample is being exposed to a lower temperature than that in the sintering process, the Srenriched phase tends to precipitate out but the sample may still retain the stoichiometric phase due to the extremely slow cation and oxide ion mobility of Nb-doped SrTiO 3 at low temperatures.
Lattice parameters of the samples sintered at 1400 C in different atmospheres are summarized in Table 1 All samples showed expansion in the lattice parameter aer reduction as listed in Table 1 . According to the defect chemistry of the donor doped SrTiO 3 , the compensation mechanism of the extra charge of the donor dopant in reducing atmospheres is quite different from that in the oxidizing atmospheres, which has been well discussed in Y-doped SrTiO 3 by Fu et al. 9 In the case of Nb-doped SrTiO 3 , the extra charge of Nb $ Ti will be compensated electronically by formation of Ti cation mobility in these compositions. Considering the low melting point of alkali metal oxides, doping with Na + /K + may aid the sintering process of donor doped SrTiO 3 . The Na and K contents in the sintered bar samples were investigated by EDX. As the spectra show in Fig. 3d and e, sodium and potassium signals have been clearly detected. Further quantitative elemental analysis showed that the atomic ratio of alkali metal to strontium was about 1 : 13 and 1 : 15 for the Na and K doped samples, respectively. The ratios are slightly lower than the nominal ratio of 1 : 9 in the doped samples. The elemental analysis result is in agreement with the lattice shrinkage observed from the XRD analysis. Therefore, the loss of alkali metal ions during the high temperature sintering process results in slight A-site deciency in the materials. Srdeciency has been demonstrated to have positive effects on sintering in different donor doped SrTiO 3 .
21 This may be another reason for the higher density achieved by Na and K doped samples sintered at 1400 C in 5% H 2 /N 2 .
Electrical conductivity
Electrical conductivity in air is measured for samples sintered at 1400 C in air and the results are shown in Fig. 4 
